The reductive carboxylic acid cycle, the autotrophic pathway Of CO2 assimilation in prokaryotes (photosynthetic and nonphotosynthetic autotrophic bacteria), was The reductive pentose-P pathway (C3), the C4 pathway, and CAM are the three well-documented photosynthetic pathways whereby higher plants assimilate CO2. The C3 pathway is also established in algae. Demonstrated in photosynthetic (3, 6) and in autotrophic aerobic hydrogen-oxidizing (14) and sulfate-reducing (13) bacteria is the lesser-known reductive carboxylic acid cycle (reductive citric acid cycle).
The reductive pentose-P pathway (C3), the C4 pathway, and CAM are the three well-documented photosynthetic pathways whereby higher plants assimilate CO2. The C3 pathway is also established in algae. Demonstrated in photosynthetic (3, 6) and in autotrophic aerobic hydrogen-oxidizing (14) and sulfate-reducing (13) bacteria is the lesser-known reductive carboxylic acid cycle (reductive citric acid cycle).
The reductive carboxylic acid cycle first reported in the photosynthetic green sulfur bacterium Chlorobium thiosulfatophilum (6) is in effect a reversal of the oxidative citric acid cycle of Krebs, and one complete cycle yields one molecule of oxaloacetate from four molecules of CO2. A variant of the cycle is the conversion of two molecules of CO2 to acetic acid. In both pathways, reduced Fd is needed to form pyruvate from acetyl-CoA and CO2 and a-ketoglutarate from succinylCoA and CO2 catalyzed by pyruvate synthase and a-ketoglutarate synthase, respectively.
One reason for concluding that this cycle is the major pathway for the incorporation of CO2 in C. thiosulfatophilum was the absence of Rubisco and phosphoribulokinase (4) . Another basis was the product distribution of '4CO2 fixation. The CO2 fixation patterns of Buchanan et al. (4) and of Sirevag and Omerod (15) indicated that isotope was incorporated into amino acids, principally glutamic acid, rather than into glycerate 3-P or the dicarboxylic acids. These results ruled out the C3, C4, and CAM pathways. There are no reports in the literature to support the existence of the reductive carboxylic acid cycle in a eukaryotic cell. The F-60 mutant of the green alga Chlamydomonas reinhardtii seems appropriate to probe for this pathway in a eukaryote because the mutant lacks phosphoribulokinase, and acetate enhances the rate of CO2 photoassimilation by this cell (10) .
MATERIALS AND METHODS

Algal Growth Condition
Chlamydomonas reinhardtii (Dangeard) F-60 was obtained from Dr. R. K. Togasaki, Indiana University. Cells were grown in batch cultures in an acetate-supplemented medium (7) at 25°C on a rotary shaker under a continuous light intensity of 8 W/m2. Cells were grown for 4 d until they reached the end of the exponential phase. These cells were harvested for experiments with intact cells and for the isolation of chloroplasts.
For the preparation of cell-free extracts, F-60 cells were grown in the same medium in synchronous cultures with a 12 h: 12 h light-dark cycle. Cells were inoculated into 1 L of culture medium through which filtered air was bubbled. Cells were harvested after 58 h of growth at 25°C and contained about 1 mg Chl.
F-60 Chloroplast Isolation
The procedures for isolating intact chloroplasts from F-60 cells followed Klein et directly used or was the source of partially purified pyruvate synthase.
Determination of Enzymatic Activities
Pyruvate synthase, C02-pyruvate exchange, and a-ketoglutarate synthase were determined by procedures developed by Buchanan and Arnon (3) .
Pyruvate synthase and a-ketoglutarate synthase assays utilize PSII-inactivated spinach thylakoids to generate reduced Fd with reduced DCIP2 as donor. Chloroplasts were prepared from 10-week-old plants by the method of Mill and Joy (10) . To inactivate PSII activity, the intact chloroplasts were heated at 55°C for 5 min, spun down at 6000g for 5 min, and the thylakoids were suspended in 100 mm K-phosphate buffer (pH 6.5).
To measure ['4C]pyruvate and [14C]a-ketoglutarate generated in the assays, the reactions were terminated by addition of 0.5 mL of 12 N HCI. The resulting precipitate was removed by centrifugation and 1 mL of the supernatant was used to produce the 2,4-dinitrophenylhydrazones as described by Ra-'Abbreviations: DCIP, 2,6-dichlorophenolindophenol; TPP, thiamine pyrophosphate; PTA, phosphotransacetylase.
binowitz (12) . The phenylhydrazones were collected by filtration through a 0.45 ,um Millipore filter. After drying overnight at room temperature, radioactivity was determined with a gas-flow counter.
Protein Assay
Protein was measured according to Bradford (2) .
Chi Determination
Chl was measured according to Arnon (1) . Mg Chi. Aliquots of 100 ML were taken at time intervals and placed on planchets that contained one layer of lens paper and 0.4 mL of 0.5 N HCI. The planchets were dried ovemight at room temperature.
14C02 fixation was determined with a gas flow counter.
increased level of undissociated acetic acid resulting from the lower pH rather than an effect on reactions within the plasma membrane. Inasmuch as anaerobicity enhanced CO2 fixation, the experiments were performed in an atmosphere of H2. This property was not studied further. Fixation of CO2 was light-dependent. Furthermore, addition of DCMU increased CO2 fixation, but only when acetate was available (Fig. 1) . Clearly, DCMU would block PSII activity, eliminate H20 as the electron donor, and prevent the evolution of 02. A decrease in O2 would protect pyruvate synthase and a-ketoglutarate synthase from aerobic inactivation and reduced Fd from oxidation by the Mehler reaction, resulting in the higher observed rate. Thus, in the presence of DCMU, H2 would reduce Fd catalyzed by the anaerobically induced hydrogenase (9) and the function of light would be restricted to the generation of ATP.
Pyruvate Synthase
The properties of F-60 pyruvate synthase are identical to those reported for the C. thiosulfatophilum enzyme (3) with a requirement for reduced Fd, CoA, TPP, and a pH optimum of 6.4 (Table I, Fig. 3 ). Again similar to the photosynthetic green bacterial enzyme, C. pasteurianum Fd was as effective as F-60 Fd, whereas spinach Fd was about 20% less effective (data not shown). A preparation of pyruvate synthase purified threefold by (NH4)2SO4 fractionation in an atmosphere of N2 synthesized pyruvate with a specific activity of 21.3 nmol/mg protein * h and at a linear rate up to 1 h (data not shown).
C02-Pyruvate Exchange
All preparations of pyruvate synthase examined so far catalyze an exchange between CO2 and the carboxyl group of pyruvate, and CoA is a requirement (3). F-60 pyruvate synthase catalyzed a '4C02-pyruvate exchange that was dependent upon CoA (Table II) . Hydroxypyruvate and lactate did not substitute for pyruvate. The pH optimum for exchange was more alkaline than that for synthesis (Fig. 3) , a finding consistent with the photosynthetic green bacterial enzyme (3). Our preparation catalyzed an exchange reaction at a linear rate up to 1 h (data not shown).
a-Ketoglutarate Synthase
The crude preparation of F-60 catalyzed the synthesis of aketoglutarate from succinate and showed a requirement for reduced Fd (Table I) . A pH optimum at 6.5 (Fig. 3) is identical to that reported for the C. thiosulfatophilum enzyme (3).
Compartmentation of Pyruvate Synthase
Isolated intact chloroplast preparations fixed CO2 and, similar to the cells' uptake, was enhanced by acetate (Table III) . The increase in CO2 fixation on the addition of acetate and detection of the C02-pyruvate exchange (Table III) is taken Inasmuch as the isolated chloroplasts fixed CO2 in the presence of acetate, and pyruvate synthesis and a-ketoglutarate synthesis depend on reduced Fd, it is reasonable to consider that the compartmention of the reductive carboxylic acid cycle must be in the chloroplast, which is the only proven site of reduced Fd in this organism. In addition to pyruvate synthase (Table III) , two other enzymes, aceto-CoA kinase and malate dehydrogenase, of the cycle have been reported to be localized in the C. reinhardtii chloroplast (17) .
Our intact cells of F-60 primed with acetate fixed CO2 at a rate about 2 to 3% of that of wild-type Chlamydomonas 
